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ACTIVE COOLING REOUIREMENTS FOR PROPELLANT STORAGE 
G a i l  A .  K l e i n  
NASA J e t  P r o p u l s i o n  L a b o r a t o r y  
Recent NASA and DOD m i s s i o n  models h a v e ' i n d i c a t e d  f u t u r e  needs f o r  a1rki.ta.1 
c r y o g e n i c  s t o r a g e  and supp ly  systems. Cryogens r e q u i r e d  w i l l  i n c l u d e  kiydrogen 
and oxygen. Tank s i z e s  w i l l  vary  f r o m  32 ft3 t o  1800 ft3 f o r  applications 
r a n g i n g  f r o m  Space S t a t i o n  on board p r o p u l s i o n  t o  Space S t a t i o n  O r b i ' t a l  T r a n s f e r  
V e h i c l e  (OTV) p r o p e l  l a n t  s to rage .  The s t o r a g e  d u r a t i o n s  may vary froen a few 
hours  f o r  such m i s s i o n s  as OTV how E a r t h  O r b i t  (LEO) t o  Geosynchronous E q ~ i a -  
t o r i a l  O r b i t  (GEO)  t r a n s f e r  and r e s u p p l y ,  t o  s e v e r a l  y e a r s  f o r  m i s s i o n  such a s  
Space S t a t l ' o n  s t a t i o n  keep ing  and space-based l a s e r  systems. There  ?is stscsng 
economic i n c e n t i v e  f o r  r e d u c i n g  t h e  b o i l  o f f  1 osses f o r  l o n g  d u r a t i o n  miss so~s ,  
T t h h a  been proposed t h a t  r e f r i g e r a t i o n  be i n v e s t i g a t e d  t o  reduce the h e a t  
l o a d  t o  t h e  t a n k s  and t h e r e b y  m i n i m i z e  b o i l o f f .  
Two t h e m a l  c o n t r o l  systems were e v a l u a t e d  l'n t h i s  a n a l y s i s ,  These systenis  
showed t h e  g r e a t e s t  p romise f o r  i m p r o v i n g  s t o r a g e  l i f e  and i n c l u d e :  
o  An open c y c l e  themodynamic  ven t  system w i t h :  
o a  r e f r i g e r a t i o n  system f o r  p a r t i  a1 hydrogen r e l  i q u e f a c t . i o n  loca ted  
a t  t h e  hH2 t a n k  
o  r e f r i g e r a t i o n  a t  t h e  LH2 t a n k  - vapor  coo led  s h i e l d  f o r  in tegra ted  
and non- i  n t e g r a t e d  tank  des igns  t o  reduce b o i l  o f f  
o A c l o s e d  system w i t h  d i r e c t  r e f r i g e r a t i o n  a t  t h e  LH2 t a n k  vapor-cooled 
s h i e l d  t o  e l i m i n a t e  b o i l o f f  
F o r  s t o r a g e  tank  des igns  u t i l i z i n g  a c t i v e  coo le rs ,  c a r e f u l  des ign  o f  the p a s s i v e  
the rma l  c o n t r o l  s y s t  ern i s  necessary  t o  a c h i  eve t h e  o p t i m a l  r e f r i  g e r a t i o n  system 
p e r f o m a n c e  and m in ima l  o v e r a l l  t h e r m a l  c o n t r o l  sys tem mass, 
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I n d i  vidua' i  subsystems must  be i n t e g r a t e d  f u n c t i o n a l  l y  and s t r u c t u r a l  l y  t o  f o r m  
an operab le  p r o p e l l a n t  r e l i q u e f i e r .  The l i q u e f a c t i o n  equipment i n  t h i s  sche- 
matic i r ~ c l u d e s  t h e  r e f r i g e r a t o r s  (ex., r e v e r s e d  B r a y t o n ) ,  t h e i r  d r i v e  motors,  
and l a r g e  space r a d i a t o r s .  B o i l o f f  f r o m  t h e  l i q u i d  hydrogen and l i q u i d  oxygen 
s t o r a y e  vesse l  s i s  r e c y c l e d  t h r o u g h  t h e  r e f  r i g e r a t i o n  equipment where re1 i q u e -  
fac t : ion  occurs .  However, t h e  b o i l  o f f  r e 1  i q u e f a c t i o n  process r e q u i r e s  r e f r i  ger-  
a t o r  o p e r a t i o n  a t  c r y o g e n i c  temperatures ,  
OPEN CYCLE-REL QUEFACT 
R A D I A T O R  
J-r  ) V E N T  
ELECTRICAL POWER 
- LIQUID HYDROGEN REQUIRES LOW TEMPERATURE 
REFRIGERATOR OPERATION 
F i g u r e  1 
I n  the p r e s e n t  s tudy ,  a  reve rsed  B r a y t o n  c y c l e  u n i t  was b a s e l i n e d  f o r  t h e  
p r o p e l  l a n t  p rocesso r .  The B r a y t o n  c y c l e  s e f r i  g e r a t o r  was s e l e c t e d  o v e r  S t e  r- 
l i n g ,  W u i l l e u m i e r  and o t h e r  c y c l e s  because i t  has t h e  l o w e s t  w e i g h t  and volume 
a t  t h e  h i g h e r  power r e f r i g e r a t i o n  r e q u i  r e w n t s ,  I t  uses gas b e a r i n g  t u r b o -  
machinery,  r e s u l t i n g  i n  h i g h  c y c l e  e f f i c i e n c y ,  l o n g  l i f e  and h i g h  re1 i a b i l i t y .  
Two r e f r i  g e r a t i o n  s tages  a r e  r e q u i  r e d  f o r  hydrogen I i q u e f a c t i o n .  
A summar.y o f  t h e  e s t i m a t e d  l i q u e f a c t i o n  performance capabi  1 i t y  used f o r  f i n a l  
p rocesso r  s i z i  ng i s  shown. C u r r e n t  r e f r i g e r a t i o n  systems c o u l  d  p r a c t i  a1 l y  
r e l i q u e f y  o n l y  a  percentage o f  t h e  t o t a l  b o i l  o f f  f r om an OTV p r o p e l  l a n t  s t o r a g e  
depot  tank .  
U n l e s s  m o d i f i c a t i o n s  a r e  made t o  t h e  tank  d e s i g n  ( w i t h  a d d i t i o n  o f  rlefrigerated 
o r  n o n - r e f r i g e r a t e d  vapor c o o l e d  s h i e l d s )  i t  would  appear t h a t  r e 1  i q u e f a c t i o n  
systems may n o t  be as a t t r a c t i v e  f o r  m i n i m i z i n g  p r o p e l l a n t  b o i l o f f ,  i j s  a l t e rna -  
t i  ve the rma l  c o n t r o l  system designs.  
ELECTRIRL POMEW REQUIREMENT FOR HYDROGEN 
RELIQUEFACTION 
- TURBO BRAYTON 
REFRIGERATOR 
E L E C T R I C A L  POWER REQUIREMENT - W A I T S  
F i g u r e  2 
The c r y o g e n i c  s t o r a g e  system, d e s c r i b e d  i n  t h e  p r e s e n t  s tudy,  i s  f o r  o r b i t a l  
l o n g - t e r m  s t o r a g e  o f  s u b c r i t i c a l  l i q u i d  cryogens.  The system cons i i s t s  o f  a 
p r e s s u r e  vesse l  c o n t a i n i n g  t h e  s a t u r a t e d  l i q u i d  cryogen, a  s t r u c t u r a l  s u p p o r t  
system, m u l t i  l a y e r  i n s u l a t i o n  (MLI) ,  and a  vapor -coo led s h i e l d  ( V C S )  w i t h  a 
h e a t  exchanger, 
ijse cf a vapor -coo led s h i e l d  i n t e g r a t e d  w i t h  a  r e f r i g e r a t o r  p e r m i t s  o p e r a t i o n  
OF t h e  r e f r i g e r a t o r  a t  t empera tu res  h i g h e r  t h a n  20°1(, t h e r e b y  o b t a i n i n g  a  
masked improvement i n  c o o l e r  e f f i c i e n c y ,  
Two the rma l  c o n t r o l  open c y c l e  systems were ana lyzed,  These systems were e v a l -  
u a t e d  f o r  t h e i r  a b i l i t y  t o  reduce b o i l  o f f  1 osses w h i l e  m i n i m i z i  ng t h e i r  env i  ron-  
menta l  impact .  The systems i n c l u d e  i n t e g r a t e d  and i ndependent L02/LH2 t h e r m a l  
c o n t r o l  systems. 
OPEN CYCLE - COOLED SH 
- PERNITS REFRIGERATOR OPERATION A T  HIGHER 
TEMPERATURE 
- TWO APPROACHES 
- INTEGRATED L02-LH2 THERMAL CONTROL 
- IHDEFENIDEk4T l 02-LH2 THERMAL COHTROL 
F i g u r e  3 
F o r  a g i v e n  l o c a t i o n ,  t h e  s h i e l d  t e m p e r a t u r e  can be o p t i m i z e d  t o :  
o rni n i m i z e  t h e  combi n a t i o n  o f  t he rma l  c o n t r o l  system, t o t a l  p r o p e l  l a n t  
i ind tankage  mass. 
In  t h e  accompanying f i g u r e ,  a  s o r p t i o n  r e f r l ' g e r a t i o n  system wh ich  has Deer; 
c o u p l e d  t o  t h e  LH2 and LO2 p r o p e l  l a n t  t a n k s  i s  shown and i s  r e p r e s e n t a t i v e  o f  
an i n t e g r a t e d  the rma l  c o n t r o l  system des ign  f o r  t h e  LH2/LO2 t a n k s ,  The v e n t e d  
@ 
l i q u i d  hydrogen i s  passed ove r  t h e  s u r f a c e  of t h e  f u e l  t a n k  where i d  evapora tes  
and m i  n t a i n s  t h e  tank  tempera tu re  a t  20°K, b e f o r e  e n t e r i  ng an i~?kem-mecli a t e  
h.ia",exckanger, Here, t h e  r e f r i g e r a t o r  w o r k i n g  f l u i d  i s  p r e c o o l e d  t o  28"K, 
"cereby i n c r e a s i n g  t h e  c o o l e r  performance,  The hydrogen leavl 'ng t h e  in te r -  
rnedl'ate h e a t  exchanger wou ld  t h e n  be r o u t e d  t h r o u g h  t h e  hea t  exchanger places  
around t h e  oxygen tank,  b e f o r e  be ing  vented t o  space. The amount of b s i l ~ " f f  
- is  governed by a requirement t o  remove a l l  o f  t h e  l i q u i d  oxygen ' tank h e a t  
1 oad, w i t h  no LO2 v e n t i n g .  
The t a b l e  g i v e s  a  compar ison of  t h e  the rma l  c o n t r o l  sys tem mass and L.H2 b o i 7 o f F  
f o r  t h r e e  the rma l  c o n t r o l  o p t i o n s  f o r  a  15700 Kg (7800 f t 3 )  LH2 OTV s t o r a g e  
tank .  The amount o f  b o i l o f f  wh ich  d i r e c t l y  e v o l v e s  f rom t h e  LW2 tank,,  when 
OPEN CYCLE-INTEGRATED LO2-LH2 TANK THERMFIL 
CONmBdBB 
anr a2 
"\ 
TOTAL THERMAL 
G ~ ~ T R O L  SYSTEW 
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MLI only less than 2E) ,728 
t ~ ~ ~ ~ ~ l ~ ~  COOLER YlTH 2E°K PRECOOLIHC TUS+UCS 1436.3 .3:L4 
TUS+ 111.8 .292 
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con f i gu red  f o r  pass ive  coo l i ng ,  w i l l  se rve  as a  basel ine,  Us ing  a  TWS a t tached  
to a 55°K hydrogen tank  s h i e l d ,  a l l  o f  t h e  excess heat  f rom t h e  LM2 and 802 
e a ~ k  can be removed w i t hou t  t h e  need f o r  any a d d i t i o n a l  r e f r i g e r a t i o n  o r  oxygen 
v e n t i n g .  Wi th  t h i s  des ign,  t h e  b o i l  o f f  i s  reduced t o  53  percen t  o f  i t s  o r i g i n a l  
value. Because t h e  system i s  cons t ra i ned  by t h e  r q u i  r e w n t  t h a t  t h e  b o i l  o f f  
be large enough t o  i n t e r c e p t  a l l  o f  t h e  heat  leak i n t o  t h e  LO2 tank, t h e  
a~mownt: o f  kHz b o i l o f f  i s  no t  reduced subs tan t i a ' l l y  by l owe r i ng  t h e  s h i e l d  
t , m p e r a t u r e  t o  20°K and coup l i ng  a r e f r i g e r a t o r  t o  it. However, by l e t t a ' ng  
t h e  tank  r ia l  1 serve as a  20°K vapor coo led  s h i e l d  (VCS), t h e  mass o f  t h e  VCS 
can be @I.iminated. Thus, t h e  t o t a l  thermal c o n t r o l  system mass i s  g r e a t l y  
~ e d u c e d ,  I n  s p i t e  o f  t h e  above e f f o r t s  t o  reduce s t r u c t u r a l  weight ,  t h e  amount 
a f  f l u i d  vented d u r i n g  a  l ong  m iss i on  can be la rge ,  Vent losses  can be g r e a t l y  
reduc4.d by p r o v i d i  ng an independent LH2 tank  thermal  c o n t r o l  system des-i gn, 
I n  order to p r o p e r l y  des ign a  p r o p e l l a n t  tank t h e m a l  c o n t r o l  system, i t  j s  
" impor tan t  t o  assess t h e  impact of va r ious  parameters upon t h e  vapor p n e r a t i o n  
of the cr;yogenic p rope l  l a n t s  s t o red  w i t h i n  t h e  tank, The accompanyi ng f i g u r e  
i l lus ' trates t h e  e f f e c t  o f  va r y i ng  f rom i t s  nominal va lue t h e  magnitude o f  a 
i j i  ven parameter ( i  .e., MLI th ickness,  env i  ronment temperature,  s t r u t  heat l e a k ,  
pipes and pene t ra t i ons  and para /o r thos  convers ion  e f f  i c i e n c y )  upon t h e  eal cu- 
l a t ed  t a n k  heat i n p u t  r e l a t i v e  t o  t h e  tank"  heat i n p u t  us ing  t h e  parameter 's  
nornin31 value, The nominal values represented i n  t h i s  f i g u r e  were obta l 'ned  
f r m  data rep resen t ing  t h e  SOA technology as def ined by M a r t i n  M a r i e t t a  f o r  an 
OMV." The tank  heat  i n p u t s  appear t o  be most s e n s i t i v e  t o  changes f rom noma'nal 
v a l u e s  is7 t he  ML I  t h i c kness  and envi  ronment temperature.  Consequently, a t t e n -  
" 3, Rob-lnson, P o i n t  Design and Technology Assessment, Long Tern  Cryo Storage 
Study ,  F i n a l  Program Review, Sept. 20, 1983, 
t i o n  was focused on t h e  e f f e c t s  of  these two parameters i n  develop jng a t a n k  
thermal  des ign which min imized b o i l  o f f  w i t h i n  t h e  system cons t ra in ts , ,  
LH2 TANK PFtRAMETRIC HEAT INPUT SEHSITIUITY 
NOMINAL V A L U E  
o ml c s o ~ )  
- 50 U\YERS/I?ICH 
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0 SINELE VCS 
VALUE 
MOMXMAL V A L U E  
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Mass and energy conse rva t i on  q u a t i o n s  have been a p p l i e d  t o  t he  sys"c?rn i n  order  
t o  min imize t h e  p r o p e l l a n t  b o i l o f f ,  The accompanying f i g u r e  shows t h e  r e d u d i o n  
i n  b o i l  o f f  f o r  r e f r i g e r a t e d  and non-ref  r i g e r a t d  tank designs versus t h e  bound- 
a r y  temperature r a t i o  TH/Tc. The o p t i m i z a t i o n  s tudy was performed Fo r  an 
CPkiV3, L H 2  t ank  designed f o r  a  t e n  yea r  m iss ion  du ra t i on .  The b o i l o f f  f r o m  
t h i s  tank,  con f i gu red  f o r  pass ive  c o o l i n g  ( u t i l i z i n g  2 inches o f  I'll1 a n d  R C I  
s h i e l d ) ,  served as a  re fe rence  a g a i n s t  which t he  b o i l o f f  from impi-oved tank 
designs were judged, The curves a re  represen ted  success ive ly  f rom t h e  t o p  as: 
i f a non - re f r i ge ra ted  s i n g l e  s h i e l d  tank  which i s  temperature and 
p o s i t i o n  op t im ized  a t  T = 8 7 O K  nd x / t *  = 0.44 
i i )  a m u l t i p l e  s h i e l d e d  tank  (i.e., an i n f i n i t e  number o f  c o o l i n g  s h i e l d s )  
i ii) a r e f r i g e r a t e d  s i n g l e  s h i e l d  tank  which i s  op t im ized  a t  T = 4 5 O K  and 
x / t  = 0.5. 
Here, x l t  rep resen ts  t he  non-dimensional d i s t ance  from t h e  tank f o r  a g i v e n  
sh ie ld  th i~ckness ,  t. An op t im ized  s i n g l e  s h i e l d  r e f r i g e r a t e d  t ank  des ign 
s u b s t a n t i a l l y  reduces t he  b o i l o f f  as compared t o  t h a t  generated f rom s i n g l e  
and mu l t i - . sh i e l ded  n o n r e f r i g e r a t e d  tank  systems, 
REDUCTION IN BOILOFF WITH ENUIRONMEHTAL 
TEMPERATURE R A T I O  
1 SHIELD 
REFRIGERATOR 
ENVIRONMEHTAL TEMPERATURE, f /228(  
Figure 6 
* xJ: rep resen ts  t h e  non-dimensional d i s t ance  from t h e  tank wal l  f o r  a  g i ven  
i n s u l a t i o n  t h i c kness ,  t. 
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Mate r i  a1 techno1 ogy advances and vessel design i n g e n u i b  can reduce p r o p e l  Itas:, 
boz i lo f f  and o v e r a l l  system s t r u c t u r a l  weight .  I n  s p i t e  of these  ~ a f f o r t s ,  t h e  
w e i g h t  o f  f l u i d  vented d u r i n g  a  l ong  m iss i on  can be la rge ,  Consequently, i 
c m p a r i s o n  o f  t h e  r e l a t i v e  performance o f  open and c l osed  c y c l e  thermal con t ro l  
schemes f o r  a  t y p i c a l  p r o p u l s i o n  v e h i c l e  (OMV 3) i s  presented. I t  was assumeci 
t h a t  t h e  mass o f  propel  I a n t  r e q u i r e d  a t  t h e  end of any g iven  missilon was he1 d 
constant ,  I n  a d d i t i o n ,  t h e  s h i e l d  temperature and p o s i t i o n  were op.tiimized as a 
f u n c t i o n  o f  m iss ion  du ra t i on ,  
The launch weight  of a tank con f igu red  f o r  open c y c l e  pass ive c o o l i ~ ~ t  
u t i l i z i n g  two inches of MLI i s  shown t o  exceed t h e  launch weight  of' t h e  cl2r;o:: 
c y c l e  system w i t h  a c t i v e  c o o l i n g  a t  t h e  20°K tank w a l l  ( r e f e rence  syshem) f:,r 
m iss ion  d u r a t i o n s  g rea te r  t han  1/2  year.  F u r t h e r m r e ,  an open c y c l e  thesnlal 
c o n t r o l  system w i t h  an a c t i v e l y  coo led s h i e l d  i s  shown t o  be prefeinab?e eo t h e  
r e fe rence  system f o r  m iss ions  l ess  t han  1.6 years,  Beyond t h i s  t i m e ,  * t h e r e  
RELATIVE PERFORMANCE COMPARISON OF 8PEH 
AND CLOSED CYCLE WHERMAL CONTROL SCHEMES 
FOR SPACE STATION O T V  STORAGE TANK 
F igu re  7 
i s  ;a s u b s t a n t i a l  mass savings t o  be gained by employing a  c losed  c y c l e  system 
w i t h  d.i irecl r e f r i g e r a t i o n  a t  t h e  tank  w a l l .  F i n a l l y ,  t h e  use of a c t i v e l y  coo led  
shie?  ds  w i  1 l enhance t h e  o v e r a l l  thermal  c o n t r o l  system performance. 
As an a1l:ernative t o  a c t i v e l y  cooled, open c y c l e  systems, a r e f r i g e r a t i o n  
system can be employed t h a t  p rov ides  d i r e c t  c o o l i n g  o f  bo th  c ryogen ic  tanks,  
Figure 1 shows a h y b r i d  LaNi2 charcoal  n i t r o g e n  (C/N2) p r o p e l l a n t  tank 
d i  res.t c o o l i n g  r e f r i g e r a t i o n  scheme. A l t e r n a t i v e  designs c o u l d  u t i l i z e  S t i r -  
l i  ng, Bray ton  and Veu i l  l e m i e r  r e f r i g e r a t i o n  systems. 
CLOSED CYCLE THERMAL CONTROL 
HYRROCEH TkHt 
REFRIGERRTION S Y S l E l  
Figure 8 
A p r e l  i rn inary i n v e s t i g a t i o n  was made o f  t h e  above r e f r i g e r a t i o n  system design 
to determine t h e  o v e r a l l  c l  osed c y c l e  r e f r i g e r a t i o n  system mass. An op t im ized  
shie: d tempera tu re  and l o c a t i o n  were found which min imized t h e  overa l  l r e f r i g -  
erathon system mass. F o r  mechanical coo le r s ,  t h e  op t im ized  s h i e l d  temperature 
d- 
and p o s i t i o n  i s  94OK and x / t  = 8,5 ,  By a d d i n g  a r e f r i g e r a t e d  sh7e"Jd  to d n  
i n s u l a t e d  t a n k  (wh ich  u t i l i z e s  a 20% c o o l e r  t o  i n t e r c e p t  h e a t  a t  t h e  t~l-.; 
wall ) ,  t h e  o v e r a l l  ref r igera"c ica~1 mass was reduced by a p p r o x i m a t e l y  55% f o r  rr,@ 
mechanica l  c o o l e r s ,  
An assessment o f  t h e  space s t a t i o n  p r o p e l l a n " c h e r m a 1  c o n t r o l  system mass anc 
h e a t  l o a d s  has been made, c o r r e s p o n d i n g  to t h e  miinimum and rnaxim~im s l z e  pmo- 
p e l l a n t  t a n k s  wh ich  c o u l d  be mai17tairped on space s t a t i o n ,  The Turbo Brdyt:' 
system was used "c o q p r s e n t  a  t y p i c a l  mchanica l  r e f r l ' g e r a t i o n  s,ystw;, vqh~ :li 
was a t t a c h e d  t o  a  vapor-coo' led s h i e l d ,  The r e f r i g e r a t i o n  system mass ~noai:ma~$ 
power slapply, energg/ s t o r a g e  and r a d i a t o r ,  The mass o f  t h e  vapor-coolecs sbre  1 
was n o t  i n c l u d e d  i n  t h e  a n a l y s i s  and t h e  s h i e l d  w e i g h t  c o u l d  became quite s ~ : -  
s t a n t i a ? ,  p a r t i c u l a r l y  i f  t h e  mass o f  t h e  t u b i n g  and s u p p o r t s  a r e  accociwtes 
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x l t  rep resen ts  t h e  won-dimensional d i s t a n c e  f r o m  t h e  tank  w a l l  f o r  a g ive . :  
i n s u l a t i o n  t h i c k n e s s ,  t ,  
for, The s h i e l d  masses f o r  t h e  onboard p r o p u l s i o n  and OTV tank farm s to rage  
t a n k i t s  c o u l d  c o n s e r v a t i v e l y  reach a  maximum o f  24,5 k g  and 1340 kg, r e s p e c t i v e l y ,  
A l though  these r e f  r i g e r a t i o n  systems represents n o o n t r i v i a l  mass pena l t y ,  
t h e i r  employment can s u b s t a n t i  a1 l y  reduce t h e  mass o f  accumulated b o i l  o f  4: 
expended over  t h e  l i f e  o f  a  long  d u r a t i o n  miss ion.  T h i s  t r a n s l a t e s  i n t o  a 
subs tan t i  a1 sav i  ngs i n  i n i t i  a1 wet system mass t r a n s p o r t a t i o n  costs ,  
S P A C E  S T A T I O N  P R O P E L L A N T  T H E R M A L  
C O N T R O L  S Y S T E M  N A S S  A N 0  H E A T  L O A D S  
- Shield mass not inlcluded 
- Sized for Turbo Brayton System 
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Inc reas in lg  t h e  s torage l i f e  o f  s t a t e  o f  t h e  a r t ,  pass ive  vented and nan-vented 
propel1an.t tanks  i s  e s s e n t i a l  i n  o rde r  t o  s a t i s f y  t h e  r e q u i r e m n t s  of l o n g  
d u r a t i o n  miss ions  w i t h i n  economic cons t ra i n t s .  F o r  a  vented p rope l  l a n t  s torage 
t ank  design, a c t i v e  c o o l e r s  may be employed f o r  propel  larat r e l i q u e f a c t i o n ,  o r  
f o r  i n t e r c e p t i n g  hea t  along a  vapor-cooled s h i e l d  i n  o r d e r  t o  reduce t h e  heat  
load t o  t h e  tank.  R e l i q u e f a c t i o n  systems a re  shown t o  n o t  be a t t r a c t i v e  fo r  
minimizi reg p rope l  ? a n t  b o i l o f f  i n  an unsh ie lded  tank desl'gn. Ca re fu l  thermal 
design i s  necessary t o  ach ieve t h e  minimum p o s s i b l e  b o i l o f f  w i t h i n  t h e  system 
c o n s t r a i n t s .  Independent s torage tank thermal c o n t r o l ,  u t i l i z i n g  a c t i v e l y  
ref'ri gerated vapor-cooled s h i e l d s  f o r  vented propel  l a n t  s torage,  r e s u l t s  i n  a 
s i g n i f i c a n t  r e d u c t i o n  i n  b o i l  o f f  1 oss ove r  a1 t e r n a t i v e  vented s t o r a g e  t a n k  
system designs. However, open c y c l e  systems may n o t  be economica l ly  a t t r a c t i \ i e  
f o r  long- term storage.  The maximum f l u i d  and vessel we igh t  savings occurs  -if 
t h e  r e f r i g e r a t i o n  capac i t y  i s  chosen t o  match t h e  vessel  heat  leak, t he reby  
a1 low ing  s to rage  w i t h o u t  vent ing.  Use o f  r e f r i g e r a t e d  s h i e l d s  has been shown 
t o  s i g n i f i c a n t l y  improve t h e  performance o f  mechanical coo le r s  i n  non-vented ,  
as we1 1 as vented, s to rage  tank designs. T h i s  t ype  o f  s torage tartk, thema1 
c o n t r o l  system design, r e s u l t s  i n  a s i g n i f i c a n t  r e d u c t i o n  i n  re l r r - ige ra t io~n  
system mass. 
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